any extra appendages. The first sign of tail regeneration is the multilayered wound epidermis and Xwnt-5a expression in the distal region, neither of which is observed in the recovering region after a dorsal incision. To evaluate the role of Xwnt-5a in tail regeneration, Xwnt-5a was overexpressed in the recovering region. When an animal cap injected with Xwnt-5a mRNA was grafted into the dorsal incision, an ectopic protrusion was formed. Morphological and molecular analyses revealed that the protrusion was an ectopic larval tail, which was equivalent to the regenerating tail but different from the tail that develops from the embryonic tail bud. Lineage labeling revealed that the major differentiated structures of the ectopic tail were formed from host cells, suggesting that Xwnt-5a induced host cells to make a complete tail. The ectopic tail was not induced by ing the specificity of Xwnt-5a in this process. A pharmacological study showed that JNK signaling is required in tail regeneration. These results support the proposition that Xwnt-5a plays an instructive role in larval tail regeneration via Wnt/JNK signaling.
Introduction
Adult urodeles and larval anurans can regenerate their lost appendages, limbs, and tails almost completely. The tail of a Xenopus larva offers a useful model system for the analysis of the molecular and cellular mechanisms underlying appendage regeneration Mochii et al., 2007) . The Xenopus larval tail consists of a notochord, spinal cord, muscle tissues, mesenchyme, and fins. All these tissues can regenerate within two weeks after tail amputation. An epidermis immediately covers the amputation plane and forms a multilayer in the most distal region. Then, notochord 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.10.002 precursor cells derived from the notochord itself accumulate beneath the notochord sheath close to the amputation plane and start to proliferate and differentiate to form a caudally elongated notochord. A terminal vesicle is formed at the distal end of the severed spinal cord and is elongated caudally along the regenerating notochord. Myogenic cells are not derived from the residual myotubes but from satellite cells, and they later form new myotubes, which are arranged in a rostral-to-caudal direction Sugiura et al., 2004; Chen et al., 2006) . About four days after amputation, the regenerating bud contains all the fundamental structures that constitute the normal larval tail, and it then continues to grow.
The cells in the regenerating tissue must be arranged in the proper positions during their proliferation and migration to form a complete organ. For accurate cell arrangement, a patterning signal is the essential cue for all regenerating cells. In the case of larval tail regeneration, morphological observations have suggested that a patterning signal from a distal portion might play a critical role in the complete cell arrangement during distal elongation (Sugiura et al., 2004) . In this report, we first compared two distinct processes: recovery after an incision in the dorsal half of the tail and regeneration after tail amputation. Both operations injured the same types of tissues, but the former never resulted in the formation of any extra structures. We postulate that a key signaling molecule, which is expressed in the regenerating tail but not in the recovering region after incision, arranges the cells in the regenerating tissue to form the distally elongating organ. In this study, we focused on Xwnt-5a because it is a secreted signaling molecule expressed in the distal portion of the regenerating larval tail but not in the dorsal incision.
Wnts are a family of secreted glycoproteins with significant roles in various biological processes, such as cell differentiation, proliferation, migration, and polarity (Wodarz and Nusse, 1998; Niehrs, 2001; Veeman et al., 2003) . Wnts activate both a canonical b-catenin pathway and noncanonical pathways, including a planar cell polarity (PCP) pathway and a Ca 2+ pathway. Canonical b-catenin signaling regulates cellfate decisions, cell differentiation, and cell proliferation during embryonic development. Recently, the essential role of the b-catenin signal in regenerative growth was reported in several experimental systems, including amphibian lens, limbs, and tail, and zebrafish fin (Hayashi et al., 2006; Kawakami et al., 2006; Lin and Slack, 2008; Stoick-Cooper et al., 2007; Yokoyama et al., 2007) . Members of the Wnt-5 family are thought to activate the noncanonical pathways rather than the canonical b-catenin pathway. It has been suggested that the noncanonical Wnt-5 signal regulates morphogenetic movements during gastrulation in zebrafish and Xenopus Kilian et al., 2003) . The wnt-5 genes are expressed in the elongating regions of various embryos, including the caudal primitive streak, branchial arches, limbs, and tail bud of the mouse, chicken, and zebrafish (Dealy et al., 1993; Kawakami et al., 1999; Rauch et al., 1997; Yamaguchi et al., 1999) . A loss-offunction mutation in wnt-5 resulted in a shortened body axis and considerable truncation of outgrowing organs in mice (Rauch et al., 1997 ) and a defect in tail outgrowth (Yamaguchi et al., 1999) , suggesting that Wnt-5 plays an essential role in the outgrowth of organs, including the tail. In this report, we show that the ectopic application of Xwnt-5a induced the growth of an ectopic tail in a dorsal incision. This result indicates that Xwnt-5a plays an instructive role in organizing cells into the elongating tail and suggests its crucial role in appendage regeneration.
Results

Comparison of recovery after dorsal incision and tail amputation
Tail amputation, in which the posterior half of the larval tail was removed, resulted in the proliferation and differentiation of the cells of the spinal cord, notochord, and muscle mass, leading to tail regeneration (Sugiura et al., 2004) . The same types of cells were affected by the dorsal incision, when a larval tail was cut from the dorsal side to the medium level to injure the tissues described above ( Fig. 1A; arrowhead) . After the operation, cells from the injured tissues grew and filled the incision within two days at room temperature, remaining in the slit in the dorsal fin (Fig. 1B) . The slit was gradually closed from the proximal to the distal side like a zipper and disappeared within four days ( Fig. 1B-D ; arrowhead). The severed spinal cord remained separated until two days after the operation but was reconnected within four days ( Fig. 1E and  F) . The injured notochord also recovered with the accumulation of cells (Fig. 1F ). In the muscle region, the injured myotubes degenerated after one day (Fig. 1G ) and newly formed myotubes started to appear at four days, increasing in number until at least the seventh day (Fig. 1H) . A BrdU-labeling experiment showed that proliferating cells were present in all the injured tissues, including the spinal cord, notochord, muscle, epidermis, and mesenchyme, as in the regenerating tail, although only a few notochord cells were labeled in the incised region ( Fig. 1I-L) . Whole-mount in situ hybridization and reverse transcription (RT)-PCR analyses (Fig. 2) revealed the upregulation of Xbra-3, XmyoD, and Xsox-2 in the recovering region, indicating the presence of differentiating notochord, muscle, and neural cells, respectively, as has also been shown in the regenerating tail (Sugiura et al., 2004 ). These observations demonstrate that the same types of cells in the affected regions proliferate and differentiate in the two processes, dorsal recovery after incision and distal tail regeneration after tail amputation, although they resulted in quite different structures. The first morphological sign of the regenerating tail is a cap-like structure on the most distal epidermis, with a multicell layer, which is not found in the dorsal recovery region. We hypothesized that a signaling molecule secreted from the distal region of the regenerating tail plays a critical role in appendage regeneration.
Previous analyses have shown that the regenerating tail expresses several signaling molecule genes, including shh, wnts, bmps, and fgfs (Sugiura et al., 2004; Beck et al., 2003; Taniguchi et al., 2008) . RT-PCR was used to identify the signaling molecules that are expressed in the regenerating tail but not in the recovering tissue after a dorsal incision (Fig. 2) . Seventeen of the 18 genes analyzed were upregulated in the regenerating tail after amputation. Xwnt-5a and Xwnt-11 were exclusively expressed in the regenerating tail, whereas the others were expressed in both regions. Xwnt-5a is highly expressed in the distal portion of the regenerating tail in Xenopus (Sugiura et al., 2004; Fig. 1Q ) and in urodeles (Caubit et al., 1997) . Its expression was first detected one day after amputation and increased until the fourth day (Fig. 2) . In situ hybridization of a section showed that the distal expression of Xwnt-5a was in the notochord, spinal cord, mesenchyme, and epidermis (Fig. 1R) . Conversely, whole-mount in situ hybridization and RT-PCR detected no Xwnt-5a expression in the recovering tissues after dorsal or ventral incisions (Figs. 1 and 2, and data not shown). Xwnt-11 expression was also detected in the regenerating tail, although its expression level was very low, but not in the dorsal recovery region. In these analyses, only Xwnt-5a showed a clear difference in expression during tail regeneration and dorsal recovery, and it is therefore a candidate gene regulating the regenerative growth of the larval tail.
2.2.
Ectopic Xwnt-5a induces an ectopic protrusion
To determine whether Xwnt-5a affects the growth and/or distal specification of a regenerating tissue, we created an experimental system to overexpress Xwnt-5a ectopically in the recovering dorsal incision (Fig. 3A ). An animal cap was excised from an Xwnt-5a-injected embryo and grafted into a dorsal incision made on a host larva. The recovery of the incision proceeded very slowly after grafting because the surgically treated tadpoles were incubated at low temperatures, as described in Section 4.
Seven days after the graft, corresponding to days 2 or 3 of recovery at room temperature, the incision was filled with a cell mass that included both host-and donor-derived cells ( Fig. 3B and D) . A protrusion appeared at the grafted site and elongated in 62% of the surviving larvae 14 days after the operation (n = 39; Fig. 3C , F and H; Table  1 ), in contrast to the control larvae, which had no protrusions (n = 18; Fig. 3E ; Table 1 ). Some protrusions showed a well-organized tail-like morphology (Fig. 3F ), and the others had a curly structure with no visibly organized tissues (Fig. 3H ).
2.3.
The protrusion induced by Xwnt-5a is equivalent to the regenerated tail
The well-grown ( Fig. 3F ) and small ( Fig. 3H ) protrusions induced by the Xwnt-5a-injected animal cap were analyzed histologically to identify their inner structures. Transverse sections revealed the presence of vacuolated cells surrounded by a collagenous sheath, showing a fully differentiated notochord in both protrusions ( Fig. 3G and I ). The spinal cord was adjacent to the central notochord. Fin structures on both the rostral and caudal sides and mesenchyme were also obvious in the well-grown protrusion. Immunohistochemical staining with the 12/101 monoclonal antibody (Kintner and Brockes, 1984) , which is specific for muscle cells, showed dispersed myotubes aligned along the long axis of the protrusion (Fig. 3J ). Some surgically treated larvae vibrated their protrusions like a normal tail (data not shown). These observations showed that the protrusion induced by the Xwnt-5a-injected animal cap was a real ectopic tail. Our previous analysis showed that the regenerating tail has some morphological defects (Sugiura et al., 2004) . It lacks the regular segments in the muscle tissue, which are found in the original tail. The regenerated spinal cord is a simple tube without any clear differences along the dorso-ventral direction. These morphological defects were also found in the Xwnt-5a-induced tail (Fig. 3G , I and J; Fig. S1 ), confirming that the ectopic tail was quite similar to the regenerating tail but different from the normal tail. 
2.4.
Major structures in the ectopic tail were formed from host cells Cells derived from the Xwnt-5a-injected animal cap were found as fluorescence-labeled masses on the surface or in the inner region of the ectopic tail ( Fig. 3C and L) . A few labeled cells were scattered in the epidermis. When the ectopic tail was serially sectioned and stained with an anti-fluorescein antibody, most cells labeled with the antibody were located in the mesenchymal space between the epidermis and the notochord (Fig. 3K) . Cells in the mass had no differentiated characteristics but had normal nuclei. If a transgenic tadpole expressing enhanced green fluorescent protein (EGFP) was used as the host, most of the tissues in the ectopic tail, including the notochord, were labeled with EGFP (Fig. 3L) . These results show that the major tissues that differentiated in the ectopic tail were formed from host cells.
Xwnt-5a induces distal characteristics
The distal end of the protrusion showed a similar morphology to that of the regenerating tail tip. To confirm this at the molecular level, whole-mount in situ hybridization was performed with a probe specific to the 5 0 untranslated region (UTR) of the Xwnt-5a mRNA to detect endogenous rather than injected Xwnt-5a mRNA. The endogenous Xwnt-5a was expressed in the distal portion of the induced protrusion, just as in the regenerating tail (Fig. 3M) . The multilayer of the epidermal cap, the earliest sign of the distal characteristics of the regenerating tail, could not be clearly identified by morphological observation of the dorsal incision grafted with the Xwnt-5a-injected animal cap because of the complex morphology of the animal-cap-grafted incision; the mere multilayered epidermis was frequently observed even in the control larva (data not shown). To determine whether Xwnt-5a induced the distal epidermis, we used a Xenopus homologue of es1 as a marker. ES1 is a gene conserved from bacteria to humans, although its function has not been determined (Chang and Gilbert, 1997; Scott et al., 1997) . We previously reported that Xes1 is upregulated after tail amputation (Tazaki et al., 2005) . Whole-mount and section in situ hybridizations revealed that Xes1 is exclusively expressed in the regenerating epidermis, especially in the multilayered cap at the most distal end (Fig. 3N and O ). An intense Xes1 signal in the incised region was detected after surgery in a larva grafted with the Xwnt-5a-injected animal cap (Fig. 3Q ), but not in the control larva (Fig. 3P) , showing that the forced expression of Xwnt-5a induced at least one known characteristic of the distal epidermis normally observed during tail regeneration.
2.6.
Xwnt-5a directly influences host cells
It is possible that some signaling molecules other than Xwnt-5a may have been secreted from the animal cap and may have induced the host cells to make the ectopic tail. To examine this possibility, Xwnt-5a was coexpressed in an animal cap with a dominant-negative form of Xenopus dishevelled (Xdd1), which has been shown to inhibit both Wnt/b-catenin and Wnt/PCP signals in a cell-autonomous manner (Sokol, 1996; Rothbä cher et al., 2000; Wallingford and Habas, 2005) . The injection of Xdd1 mRNA with Xwnt-5a mRNA did not inhibit ectopic tail formation (53%, n = 15; Fig. 4B ; Table 1 ). This Control, dextran fluorescein was injected. Survived, the number of survived larvae at 14 days after operation.
result suggests that Xwnt-5a directly influences the host cells but does not exclude the possibility that Xwnt-5a acts indirectly through a dishevelled-independent pathway. To determine whether the expression of any signaling molecules was induced in the animal cap cells by Xwnt-5a, the gene expression of major signaling molecules, including Wnts, bone morphogenetic proteins (Bmps), fibroblast growth factors (FGFs), nodal-related proteins, and sonic hedgehog was analyzed by RT-PCR. The results show that none of the genes analyzed by us showed a significant increase in expression after the injection of Xwnt-5a, except Xwnt-5a itself (Fig. 4E) . These results strongly suggest that Xwnt-5a induces ectopic tail formation by directly influencing host cells.
Canonical Wnt does not induce an ectopic tail
Wnts activate canonical or noncanonical signals depending on the combination of ligands and receptors (Wodarz and Nusse, 1998; Mikels and Nusse, 2006) . Recent studies have suggested that canonical Wnt signaling is required in appendage regeneration (Kawakami et al., 2006; Lin and Slack, 2008; Stoick-Cooper et al., 2007; Yokoyama et al., 2007) . As shown above, the canonical Wnt genes Xwnt-3a and Xwnt-8 were upregulated during Xenopus tail regeneration. To examine whether the forced expression of canonical Wnt induces the growth of the ectopic tail in the recovering region, a dorsally incised larva was grafted with an animal cap injected with Xwnt-8 mRNA, which is the best-characterized canonical Wnt gene in Xenopus. The larva grafted with the Xwnt-8-injected animal cap showed no protrusions (n = 15; Fig. 4C ; Table 1 ) and no intense Xes1 signal (data not shown), suggesting that canonical b-catenin signaling does not specify the distal epidermis or induce an ectopic tail in the dorsal recovery region.
2.8.
Xwnt-11 cannot substitute for Xwnt-5a in ectopic tail formation Xwnt-11 is required to elongate the embryonic axis during gastrulation via the Wnt/PCP pathway and showed similar activity to that of Xwnt-5a in an elongation assay of an activin-treated animal cap ). RT-PCR showed that both Xwnt-11 and Xwnt-5a were expressed in the regenerating tail but not in the dorsal recovery region, but the expression level of Xwnt-11 was much lower than that of Xwnt-5a (see Fig. 2 ). To determine whether Xwnt-11 can substitute for Xwnt-5a in inducing the ectopic tail, an animal cap injected with Xwnt-11 mRNA was grafted into the dorsal incision. The resulting larvae showed no protrusions (n = 17; Fig. 4D ; Table 1 ), suggesting that the activity necessary to induce the ectopic tail is specific to Xwnt-5a.
2.9.
Tail regeneration requires the JNK signal Our analyses described above show that Xwnt-5a induced an ectopic tail at the injured site via the noncanonical Wnt signal and that the induced tail was quite similar to the regenerated tail. These observations support the idea that the noncanonical Wnt signal is essential for tail regen- Toullec et al., 1991) . The JNK inhibitor inhibited tail regeneration ( Fig. 5A-H ), whereas we observed no effect exerted by the PKC inhibitor (data not shown). Most of the JNK-inhibitortreated tails showed no obvious early characteristics of tail regeneration, including the formation of the multilayered distal epidermis, the intense expression of Xes1, or the accumulation of notochord precursor cells (Fig. 5E-H) , whereas a few tadpoles showed short elongation of the notochord ( Fig. 5H ; data not shown). RT-PCR analysis confirmed that the JNK inhibitor treatment suppressed the up-regulation of Xes1, while the expression level of Xwnt5a was not significantly changed (Fig. 5J ). An amputated tail, with no or only partial elongation, did not grow until at least day 10 in the presence of 8 lM SP600125 (Fig. 5C and D), suggesting that regeneration was blocked rather than retarded. These results show that JNK activity is essential for tail regeneration, including distal specification. Treatment of the animal-cap-grafted tadpoles with the JNK inhibitor resulted in no survivors in either the Xwnt-5a or control experiments, probably because of the combination of damage by the inhibitor, surgery, and incubation in MS222 at low temperatures (see Section 4).
Discussion
The same types of tissues in the larval tail were injured in two different operations: cutting off the larval tail and incising it from the dorsal to the middle level. The cells responding to the injury proliferated and differentiated at both sites but finally formed quite different structures. Amputation resulted in new tail formation through an organ regeneration process, whereas the incision resulted in wound healing, wherein the incision was filled with proliferating and differentiating cells. A breakthrough in our understanding of the molecular mechanism that underlies organ regeneration must involve the identification of a gene expressed in the regenerating tail but not in the recovering incision. Our comparative gene expression analysis revealed that Xwnt-5a is highly expressed in the distal region of the regenerating tail but not detected in the dorsal recovering region, supporting the idea that Xwnt5a is a signaling molecule that plays a critical role in tail regeneration and that its ectopic expression might convert wound healing in the dorsal incision to organ regeneration. By grafting an animal cap injected with Xwnt-5a mRNA, we showed that Xwnt-5a induced an ectopic tail in the dorsally incised region, influencing the host cells directly. The induced tail was quite similar to the tail regenerated after amputation but was different from the original tail, supporting our theory described above.
Our data and other works support the idea that the tailinducing effect of Xwnt-5a is mediated by the noncanonical Wnt/JNK signaling pathway rather than by the canonical Wnt/b-catenin pathway (Yamanaka et al., 2002; Ryu and Chun, 2006; Schambony and Wedlich, 2007) . The PCP/JNK signaling pathway regulates cell migration and polarity and is required for convergent extension movement during gastrulation (Du et al., 1995; Heisenberg et al., 2000; Yamanaka et al., 2002; Veeman et al., 2003; Schambony and Wedlich, 2007) . It is conceivable that PCP/JNK signaling regulates convergent extension movement during tail regeneration because tail regeneration depends on the regulated migration and alignment of cells at least in the regenerating notochord as occurs in the movements of gastrulation (Sugiura et al., 2004) . However, our results suggest another role for the Wnt/JNK signal in the distal specification of the regenerating tail. Kawakami et al. (2006) reported that blocking the Wnt/bcatenin signal inhibited apical ectodermal cap formation during fin and limb regeneration in the zebrafish and axolotl. Yokoyama et al. (2007) showed that the Wnt/b-catenin signal is required for fgf-8 expression in the thickened apical ectoderm of the regenerating Xenopus limb. These reports suggest that the canonical Wnt/b-catenin signal plays an essential role in the formation and/or function of the distal epidermis in regenerating appendages, whereas our data suggest that the noncanonical Wnt/JNK signal induces the distal epidermis in the recovery region after incision. Our results, taken together with those of other studies, support the possibility that both the Wnt/b-catenin and Wnt/JNK pathways are required for the formation of the multilayered distal epidermis in the wounded region. Stoick-Cooper et al. (2007) reported that the noncanonical Wnt-5 signal antagonizes the Wnt/b-catenin signal in zebrafish fin regeneration. We cannot rule out the possibility that there is a similar antagonistic interaction in the tail regeneration of Xenopus larvae. However, in this report, we emphasize the instructive role played by Wnt-5a in appendage regeneration. The mean length of the regenerated tails was determined on day 5 and is indicated with the standard deviation. * P value determined with Student's t test is less than 0.000001. (J) RNA was isolated from the amputated tail on day 0, and from the tail amputated and treated with SP600125 (8 lM) or DMSO for two days, and used for RT-PCR analysis.
Xwnt-11 did not ever induce ectopic tail formation in the incised region, whereas overexpression of either Xwnt-5a or Xwnt-11 causes a similar defect in the elongating embryos, affecting convergent extension movement, as described previously Du et al., 1995) . The different effects in ectopic tail formation may correlate with the different levels of JNK activation induced by Xwnt-5a and Xwnt-11. A similar situation has been reported in other experimental systems, in which Wnt-5a inhibited the expression of type II collagen in chondrocytes through JNK activation, whereas Wnt-11 stimulated it through PKC activation (Ryu and Chun, 2006) . Schambony and Wedlich (2007) reported that Wnt-5a, but not Wnt-11, regulates convergent extension movement via the Ror2/JNK cascade.
Xwnt-5a may act directly as a morphogen in patterning the cells in the distal-to-proximal direction, like the wingless protein in Drosophila embryogenesis (Cadigan and Nusse, 1997) . The mechanism by which Xwnt-5a regulates the regenerating tail may involve cadherin expression, because the Xwnt-5a-induced expression of paraxial protocadherin is essential for convergent extension movement in the Xenopus embryo (Schambony and Wedlich, 2007) . Alternatively, Xwnt-5a may influence host cells indirectly by inducing another signaling molecule or morphogen, such as FGF-8, a posterior signaling molecule that regulates somitogenesis in the mouse, chicken, and zebrafish (Dubrulle and Pourquie, 2004) . RT-PCR revealed that genes for many signaling molecules, including FGFs, are expressed in both tail regeneration and recovery from incision, with somewhat different profiles (see Fig. 2 ). Further studies of FGFs and other signaling molecules are required for a complete understanding of the signaling cascade involved in tail regeneration.
Our experiments suggest a critical role for Xwnt-5a in the regenerating tail. However, what induces Xwnt-5a expression after tail amputation is unclear. The distal specification of the regenerating tail was identified immediately after an epidermal sheet covered the wounded surface without proliferation (Sugiura et al., 2004) . The meeting of the epidermal cells from the left and right sides may trigger Xwnt-5a expression and multilayer formation. However, this is not likely to be the case because cells from the left and right sides of the tail appear to meet after a dorsal incision (our preliminary observation), which does not ever induce the formation of an ectopic tail or high-level Xes1 expression. Alternatively, an interaction between dorsal and ventral cells may induce Xwnt-5a expression. The interaction between tissues with different dorso-ventral positional information has been reported to cause ectopic structures and gene expression in the limb regeneration of newts and insects and in planarian regeneration (Bryant and Iten, 1976; French, 1976; Kato et al., 1999) .
In conclusion, we have shown that Xwnt-5a instructs cells in injured tissues to be specified or arranged to make a complete tail via the noncanonical Wnt signaling pathway. The identification and characterization of the genes induced by the Xwnt-5a signal will reveal the molecular mechanism underlying complete organ regeneration. Our experimental system using the animal cap is a suitable model system for such research.
4.
Experimental procedures
Animals and surgery
Xenopus laevis embryos and larvae were obtained by standard procedures and staged according to Nieuwkoop and Faber (1967) . Feeding tadpoles at stage 48-49 were used for surgeries.
Larval tail amputation and subsequent maintenance have been described previously (Sugiura et al., 2004) . When a dorsal incision was made, the larvae were anesthetized in 0.03% MS222 (Sigma), mounted on wet paper, and incised vertically from the dorsal side to the notochord using a razor blade. The maintenance of the incised tadpoles was the same as that used for the amputated tadpoles.
For pharmacological analyses, four tadpoles were incubated in 2 mL of water containing JNK inhibitor (SP600125; Biomol) or PKC inhibitor (bisindolylmaleimide I hydrochloride; Sigma). The inhibitor-containing water was changed every day until day 10. Control tadpoles were incubated in water containing an equivalent amount of dimethyl sulfoxide (DMSO). Sixteen tadpoles were used at each time point to measure the mean length of the regenerating tail.
4.2.
Messenger RNA synthesis
Full-length Xwnt-5a complementary DNA was amplified from neurula cDNAs using specific primers and was cloned into the pCS2 vector (Turner and Weintraub, 1994) . The primers used for cloning were: US: 5 0 -CCCG AATTCGCACCATGAGAAAGAATCTGTGG-3 0 and DS: 5 0 -CAGTC TCGAGTTTTGTCTTTGCACTCTATGGCCTCGAT-3 0 . Xwnt-8 cDNA, which was derived from an EcoRI fragment of pCSKA/Xwnt-8 , was subcloned into the pCS2 vector. Xwnt-11 cDNA, xl010a22 was characterized by the NIBB/NIG X. laevis EST Project and subcloned into the EcoRI/XhoI sites of the pCS2 vector. These constructs were confirmed by sequencing and linearized with NotI. Capped mRNAs were synthesized with SP6 mMESSAGE mMACHINE (Ambion), according to the manufacturer's instructions. Activity of the dominant negative disheveled, Xdd1 (Sokol, 1996) was confirmed by two methods. First it was co-injected with Xwnt-8 to determine its inhibitory effect in the formation of the secondary axis, which is induced by the canonical signal of Xwnt-8, as reported (Sokol, 1996) . Second, its inhibitory activity for the non-canonical signal of Xwnt-5a was determined by an animal cap elongation assay (Fig. S2 ).
4.3.
In situ hybridization
Complementary DNA fragments encoding Xsox-2 (xl014h03), XmyoD (xl078m12), Xes1 (xl011b20; Tazaki et al., 2005) , Xbra-3 (Hayata et al., 1999) , and Xwnt-5a were PCR-amplified from the corresponding plasmids with the T3 and T7 primers. DIG-labeled RNA probes were synthesized with T7 or T3 RNA polymerase (Invitrogen) and DIG nucleotide mixture (Roche). To detect the endogenous expression of Xwnt-5a, a 5 0 UTR fragment of the cDNA was amplified by PCR from neurula cDNA, cloned into the EcoRI/ XhoI sites of the pBluescript vector and processed as described above. The primers used for cloning were: US: 5 0 -AGA-ATTCTTCCTCTGTCTGGAGCCCAAATA-3 0 and DS: 5 0 -GCA ACTCGAGCACAATTACTTTGTAATCCA-3 0 . Whole-mount and section in situ hybridizations were performed as described previously (Sugiura et al., 2004) .
Reverse transcription (RT)-PCR
Procedures for RNA extraction, cDNA synthesis, and the primers for Xsox-2, XmyoD, Xbra-3, Xwnt-5a, Xwnt-11, Xsfrp-2, fgf-2, -4, -8, -10, Xshh, and EF-1a have been described previously (Sugiura et al., 2004; Tazaki et al., 2005; Taniguchi et al., 2008) . The new primers designed for this work were: Xwnt-3a (US: 
Histological and immunological analyses
For histological analysis, specimens were fixed with Bouin's solution, embedded in paraffin, sectioned, and then stained with hematoxylin and eosin using a standard method. Whole-mount immunological analysis was performed as described previously (Sugiura et al., 2004) . A monoclonal antibody, 12/101, that detects muscle cells (Kintner and Brockes, 1984) was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa (Iowa City).
The procedure used to detect proliferating cells labeled with BrdU has been described previously (Taniguchi et al., 2008) .
For the immunological detection of dextran-fluorescein, larvae were fixed with 4% paraformaldehyde. The paraffin sections were treated with anti-fluorescein-AP antibody (Boehringer Mannheim). The signals were detected with BM purple (Roche).
Animal cap grafting
The mRNAs were microinjected with Nanoject (Drummond) in 0.5 · MMR containing 3% Ficoll PM400 (Amersham Biosciences) and kanamycin (100 mg/L; Wako). An injection capillary (Drummond) was drawn with a capillary puller (Narishige) and sharpened manually (external tip diameter: 10-20 lm). Messenger RNAs and dextran labeled with fluorescein or tetramethylrhodamine (Molecular Probes) were injected into the animal pole of a four-cell stage embryo. Tracer only was injected as the control. After the injection, the embryos were transferred into 0.1 · MMR with kanamycin and stored at 14°C until the blastula stage (stage 8). The vitelline membrane of the blastula was manually removed with fine forceps. The animal cap was dissected in a square shape (length of explant: 150-200 lm) with a baby hair loop in 0.5 · MMR. The host larva (stages 48-49) was anesthetized in 0.5 · MMR containing 0.01% MS222 and incised from the dorsal side to the notochord in the medial region of the tail using a razor blade. The dissected animal cap was grafted into the incision in contact with the notochord, spinal cord, and muscle tissues. To avoid detaching the graft from the incised region, the tail movement was suppressed by incubating the surgically treated tadpoles in 0.0043% MS222 at 14°C for four days and then in normal medium at 18°C for several more days. The recovery of the incision proceeded even more slowly under these conditions than under ordinary conditions at room temperature. The viability of the surgically treated tadpoles varied significantly between batches of tadpoles. If the viability at 14 days after the operation was higher than 70%, the experiment was considered a success. Transgenic F1 tadpoles expressing EGFP were also used as the hosts in some experiments. The transgenic F0 frog was made with the plasmid pRc/CMV EGFP-OMP25 (Horie et al., 2002) , according to Kroll and Amaya (1996) with modifications (Mizuno et al., 2005) .
